Introduction
Lysosomal storage disease (LSD) describes a heterogeneous group of rare inherited disorders characterized by the accumulation of undigested or partially digested mac-Several clinical manifestations, such as hepatosplenomegaly, coarse facial features and skeletal dysplasia, can serve as an important clue which should lead to the consideration that the patient's problems are likely to be due to LSD. Diagnostic confirmation necessitates biochemical and/or molecular genetic testing. Characterization of the gene defects in an affected individual has revealed the occurrence of several distinct mutations. Although this phenomenon partly explains differences in disease severity, extensive studies to examine the relationship between genotype (gene defect) and phenotype (clinical expression) have often shown the lack of perfect concordance. Unfortunately, this is not the case with LSDs, in which the diagnosis when suspected often necessitates testing for the presence of excess substrates in body fluids or the activity of several different enzymes in blood or tissues [1] .
Outline of the History of Gaucher Disease
Gaucher disease (GD) is caused by a functional deficiency of the acid hydrolase, β-glucocerebrosidase (GBA), or glucosylceramide (EC 3.2.1.45) [2, 3] . The disease was first described by Phillipe Gaucher in his doctoral dissertation in 1882. Twenty years later, Nathan Brill proved its autosomal recessive inheritance and used its eponymic name. In the 1920s, the neuronopathic phenotype of the disease was described. In the 1960s, Roscoe Brady established that the pathomechanism of GD stems from the deficiency of GBA activity [4] .
Pathomechanism
The insufficient catabolism of glucosylceramide and the engorgement of macrophages by this substrate lead to visceral manifestations of GD. Sphingolipids have been implicated in inflammatory and apoptotic processes [5] and glucosylceramide might have direct activating or enhancing effects on macrophage function [6] , possibly mediated through selective calcium channel dysregulation. Indeed, several indicators of macrophage activation, including chitotriosidase, CCL18 , angiotensin-converting enzyme [7] and cathepsin S, have been identified in excess in the plasma of patients with GD. Histological assessment showed that such proinflammatory molecules, including tumor necrosis factor-α, are variably increased in some splenic Gaucher cells [8] . An alternative mechanism by which these proinflammatory and anti-inflammatory pathways could be activated is through abnormal folding of mutant proteins in the endoplasmic reticulum [9] . Such abnormal folding initiates an unfolded protein response that can trigger apoptotic or inflammatory pathways in various tissues [10] . Evidence suggests that some mutations in GD might lead to proteins that are abnormally folded or are not properly trafficked, or both. Although direct evidence of unfolded protein response involvement is not available for GD, this pathway seems to be active in GM1 gangliosidosis [11] .
Thus, the development of alternative agents to alter the unfolded protein response could be on the horizon for patients with GD in whom this mechanism is activated. By comparison with visceral tissues, the pathogenesis of the brain disease is completely different. A toxic reaction to a low-level substrate, glucosylsphingosine, might be the inciting mechanism [12] . This mechanism has come under question, since glucosylceramide seems more im- portant than glucosylsphingosine for the induction of abnormal calcium fluxes in the endoplasmic reticulum with potential disruptive effects in cells [13] . Disruption of the ceramide-to-glucosylceramide ratio can affect barrier formation in the epidermal layer of the skin, leading to ichthyosis or a collodion skin presentation in individuals who are severely affected (those with type 2) [14] .
Types of GD
The symptoms associated with GD are due to the progressive accumulation of Gaucher cells in various organs. Thus, GD is a multisystemic disorder with disease manifestation at all ages dependent on the subtype of GD. Three basic clinical forms of GD can be distinguished depending on the degree of neurological involvement; however, today the different forms of GD are considered to reflect a continuum ranging from early-onset to late-onset disease, and from severe forms with neurological symptoms to mild forms with solely visceral manifestations [15] . Type 1 GD is the most frequent form and accounts for 94% of all registered GD cases according to the Gaucher Registry [16] . It leads to a chronic course of disease and the organs frequently affected are the spleen, liver, bone marrow and, in severe cases, also the lung and kidney. Hepatosplenomegaly and hematological complications, including anemia and thrombocytopenia with bleeding, are common in untreated type 1 GD [17, 18] . Acute neuronopathic GD (type 2 GD) manifests in early childhood, neurological deterioration progresses quickly and death generally occurs before the age of 2 years. Subacute neuronopathic GD (type 3) shows a slower neurological involvement and usually occurs in adolescence [15] ( table 2 ) .
Diagnosis of GD
GD may also come to light as a result of investigations for pancytopenia or visceromegaly; thus, Gaucher cells may be identified on tissue biopsy specimens, principally of bone marrow (during investigations for splenomegaly or cytopenias) or liver (during the course of investigations for hepatomegaly or abnormal liver-related biochemical tests). Specific diagnosis is, however, made by measuring acid β-glucosidase activity in fresh peripheral blood leukocytes or occasionally by enzymatic analysis of fibroblasts cultured from skin biopsy specimens. Confirmation and better characterization of the condition may subsequently be afforded by molecular analysis of the human GBA gene, which encodes lysosomal GBA [19] .
Residual activity of the enzyme depends on the type of mutation change in the gene for GBA. N370S and L444P are the most frequent mutations in the gene for GBA located on chromosome 1q21. The mutation N370S occurs only in the Caucasian population, which, in time, may prove the existence of founder effect. The presence of this mutation even on a single allele ensures the residual activity of the enzyme sufficient for correct catabolism of glucocerebroside in neurons and, hence, the lack of neurological symptoms. The mutation L444P is panethnic; homozygosity for this mutation leads to the neuronopathic form of the disease and occurs in more than 70% of patients. The frequency of the neuronopathic form is estimated to be 1 per 40,000 live births. It occurs much more frequently in the Ashkenazi population, with an incidence being 1 per 1,000 live births, where N370S (57-70%) and 84GG (10%) are the most frequent mutations [20] . 
Mutations and Polymorphism-Defined Mutations
Presently, nearly 300 mutations have been identified in Gaucher patients, including frame-shift mutations, point mutations, deletions, insertions, splice site mutations and recombinant alleles ( fig. 1 ). Recombination events with a highly homologous pseudogene downstream of the GBA locus have also been identified, resulting from gene conversion, fusion or duplication ( fig. 2 ). The identification of mutant GBA alleles can be problematic, as primers must be designed to discriminate between the functional gene and the pseudogene. Initially, laboratories used different PCR-based screening techniques to identify a limited panel of two to seven known mutations. Among type 1 patients of Ashkenazi Jewish ancestry, this was a fairly efficient approach, detecting approximately 90% of mutant alleles with a screen for five to six mutations [21] [22] [23] . In non-Jewish populations, however, this screening strategy did not identify a significant portion of mutations, especially in patients with neuronopathic GD. The wider incorporation of automated sequencing to genotype Gaucher patients has led to the identification of many new GBA mutations [24] ( fig. 1 ).
Recombinant and Complex Alleles
A prevalent class of mutant alleles encountered in patients with GD is due to recombination events [25] [26] [27] [28] [29] . Such alleles have been designated as 'complex' [27] , 'pseudopattern' or 'psi' [26] , 'rec' for 'recombinant' [25] , 'fusion' [30] and 'chimeric' alleles [31] . Recombination within the glucocerebrosidase locus appears to be enhanced by the high degree of sequence identity and the close physical proximity of the GBA pseudogene. In fact, the sites of these recombination events are variable [32, 33, 29] , ranging from intron 2 to exon 11 ( fig. 2 ). In addition, the mechanisms of recombination differ; it has been shown that recombinant GBA alleles arise from both reciprocal and nonreciprocal recombination [29] . Figure 2 illustrates the approximate sites of recombination, extent of incorporated pseudogene sequence and associated amino acid changes for different groups of these alleles. Other complex alleles that do not appear to be derived from the pseudogene have also been identified. These may arise as disease-causing alterations in cis with polymorphisms, or may represent multiple pathogenic substitution events. While initially reported as single disease-causing mutations [34, 25] , two specific alterations, c.1093G4C (E326 K) and c.1223C4T (T369 M), have been found in patients primarily in cis with other identified mutations [35, 36] and have led to published corrections after identification of a second mutation on the same allele [37, 38] ( fig. 2 ).
Polymorphisms
Several different GBA polymorphisms have been described. Early characterization of the GBA demonstrated a restriction fragment length polymorphism by digestion with PvuII, alleles that generated a 1.1-kb fragment were 17 designated Pv1.11 and those which lacked this fragment were designated Pv1.1 [39] . In time, this polymorphism was identified as a g.4813G4A substitution in intron 6 [40] and expanded to include 11 additional polymorphisms, 8 in intronic sequences and 3 in the 50-untranslated region. Each of these sequence variations are in linkage disequilibrium and constitute two major haplotypes [41] . Mutation c.1226A4G (N370S) is in linkage disequilibrium with the Pv1.1 haplotype [40, [42] [43] [44] [45] [46] , while c.84dupG is found with Pv1.11 [40, 41, 46] . Another GBA polymorphism, a g.5470G4A transition of the Pv1.1 haplotype, appears to be limited to the Portuguese and Spanish populations [42, 47] . In addition, a polymorphic CT repeat (5GC3.2) 3.2 kb upstream and a tetranucleotide AAAT repeat (ITG 6.2) 9.8 kb downstream of GBA have been identified [48] . Variation in the GBA pseudogene includes 17 single-nucleotide substitutions, a three-nucleotide deletion and a polyadenine tract [49, 47] . These polymorphisms in GBAP are important in the recognition of GBAP to GBA gene conversion events [47] . [39] . The figure was reprinted with permission from Sorge et al. [40] .
GD and Parkinson's Disease
Several lines of evidence suggest an association between Parkinsonism and mutations in the gene encoding the lysosomal enzyme glucocerebrosidase (GBA), which is deficient in patients with GD [50] . Parkinson's disease (PD) is the second most common neurodegenerative disorder, with greater than 1% affected over 65 years of age and more than 4% of the population affected by the age of 85 years [51, 52] .
A histopathological study of the brains of patients with GD has shown Lewy bodies in the hippocampal regions and in several other scattered regions throughout the brain [53] . It is unclear whether the Lewy bodies occur because of localized accumulations of glucosylceramide or an abnormal folding of specific mutant proteins in specific regions of the brain. This association of GD alleles (homozygotes or heterozygotes) and parkinsonism is weak and quite controversial [54] , but the apparent overrepresentation of these alleles in the brains of patients with PD suggests a stronger association than might have been appreciated from epidemiological data [55] .
Recognition of the association between GBA mutations and parkinsonism began in the clinic, with the identification of rare patients with GD who also had parkinsonian symptoms [56] . Moreover, pedigree analyses indicated an elevated incidence of PD in the relatives of Gaucher patients, many of whom were obligate heterozygotes [56, 57] .
In 2009, Sidransky et al. [50] published a hallmark study on this topic: a collective analysis of 5,691 patients with PD complemented by 4,898 controls from 16 centers across 12 countries. For the pool of participants in which the full GBA coding region was screened, loss-offunction mutations were observed in 6.9% of cases and in 1.3% of the controls (odds ratio 5.4; 95% CI 3.9-7.6). Among the Ashkenazi Jewish subset, higher mutation frequencies were seen: 19.3% in cases and 4.1% in controls [56, 50] .
The findings were not exclusive to a specific ethnicity, nor associated with any particular GBA mutation. Additional noted trends were that subjects carrying mutations presented an average of 4 years earlier, were more likely to have a family history of PD, and had less bradykinesia and rest tremor and more cognitive changes described [50] . Other cohort studies have corroborated the results from this collaborative examination, reinforcing mutations in GBA as the number one genetic risk factor for PD [50, 57, 58] .
Therapeutics of GD
Skeletal complications are a major cause of morbidity in patients with GD type 1 [59, 60] . On magnetic resonance imaging, areas of reduced bone marrow signal intensity ('dark marrow') occur in T1-weighted sequences. Progressive accumulation of Gaucher cells displaces normal adipocytes from the marrow compartment [60, 61] , leading to abnormal quantities and the distribution of 'dark marrow'. This process begins in the axial skeleton and progresses to the appendicular skeleton, advancing in the lower extremity in a predictable sequence over time [60] . Focal collections of Gaucher cells may result in lytic lesions. The mechanistic link between marrow infiltration and the development of bony complications is not clear, but extensive Gaucher cell infiltration is associated with osteopenia, bone infarctions, avascular necrosis, lytic lesions and pathological fractures [61, 62] . Chronic bone pain and acute bone crises also often accompany skeletal disease in GD type 1 patients.
Enzyme replacement therapy (ERT) and substrate reduction therapy have been demonstrated to have beneficial effects on bone pain, bone crises and the extent of osteoporosis [62] . In the 2 decades since the introduction of ERT, it has become abundantly clear that many of the symptoms and signs of visceral GD, such as hepatosplenomegaly, as well as anemia, thrombocytopenia and often skeletal or lung involvement, will respond adequately to ERT. While ERT forms the mainstay of treatment for type I GD, the iminosugar miglustat (Zavesca ® ; Actelion Pharmaceuticals Ltd.) represents an alternative treatment strategy -substrate reduction therapy [63] . In clinical trials in ERT-naïve adults with type I GD, miglustat treatment was effective in reducing liver and spleen volume and increasing hemoglobin concentration and platelet count during 12-36 months of treatment [64] [65] [66] [67] . Miglustat has also been shown to improve bone mineral density in both the trabecular and cortical bones [68] . Although the controversy of what is the minimally effective dose and/or optimal dosage schedule has not been resolved, it appears that, regardless of dosage, the responsiveness of all major disease features and surrogate markers will plateau after 3-5 years and most patients remain 'stable' while maintaining the same ERT schedule [68, 69] . In June 2009, the Genzyme Corporation announced a viral contamination at its manufacturing site that involved the production of imiglucerase. In November 2009, Genzyme advised physicians of foreign particle contamination associated with certain batches of imiglucerase. The dramatic reduction in global enzyme availability led to early access [69] . The early access program of velaglucerase alfa was initiated in Israel in November 2009. At that time, the shortage of imiglucerase was not acute locally, but because of the concern about foreign particle contamination, previously treated patients, some with newly emerging symptoms such as fatigue and bone pain, were interested in restarting ERT; similarly, there were some naïve-to-treatment patients who opted to receive velaglucerase alfa rather than await the resolution of the imiglucerase supply issue [69] .
On the other hand, eliglustat is an example of an investigational oral substrate reduction therapy for adults with GD type 1. Eliglustat is pharmacologically distinct from ERT, the current standard of care for GD type 1 [70] . ERT supplies exogenous acid β-glucosidase to break down accumulated glucosylceramide. Eliglustat, a ceramide analog, inhibits glucosylceramide synthase, thereby reducing the synthesis of its substrate, glucosylceramide, to balance production with the impaired rate of degradation. The efficacy, safety and tolerability of eliglustat after 1 and 2 years of treatment were demonstrated in a phase 2 trial of treatment-naïve adult patients with GD type 1 [71] .
The long-term follow-up of eliglustat treatment for previously untreated GD type 1 patients demonstrated continuation and maintenance of improvements in hematological parameters, organ volumes, disease-related biomarkers and bone parameters. Phase 3 clinical trials in progress will further elucidate the efficacy and safety of eliglustat in a larger population of treatment-naïve GD type 1 patients as well as in GD type 1 patients previously stabilized on ERT [62] .
Enzyme therapy also has disadvantages, including that manufacture is costly and intravenous infusions are inconvenient to administer. Drug infusions, usually given every 2-4 weeks, may be painful for some patients and could render patients unnecessarily dependent on hospital services. Also, young children may develop a fear of needles and an aversion to the treatment. In countries with underdeveloped health care systems, intravenous infusion may constitute an elaborate procedure, particularly where clean needles and appropriate equipment for drug administration under safe circumstances in public health services are not easily available. Ultimately, therapeutic compounds able to safely enter the brain and nervous system by traversing the blood-brain barrier will offer an immense benefit and will revolutionize the field [72] .
Pharmacological chaperone (PC) therapy is a new strategy to increase residual activity by stabilizing misfolded mutant proteins, preventing endoplasmic-reticulum-associated degradation in proteasomes and allowing trafficking to lysosomes [73, 74] . This approach is especially applicable in GD because only a modest increase in residual GBA should be sufficient to ameliorate the phenotype. Moreover, these small molecules should be able to cross the blood-brain barrier [75] .
The first clinical trial of PC used isofagomine tartrate (Amicus Therapeutics) [72] , but phase 2 trials failed to meet the end points, and further development was abrogated. An alternative PC is ambroxol hydrochloride (Ex-SAR Corporation) [76] , originally developed as a mucolytic agent 30 years ago (Mucosolvan; Boehringer-Ingelheim) and available over the counter in many countries. Ambroxol has also been used in the treatment or prophylaxis, or both, of neonatal respiratory distress syndrome [77] . It is to be hoped that among these PC medications there will be at least one that will ameliorate neuronopathic features.
Although gene therapy [78] is theoretically promising, there is no ethical justification to experiment on patients who have alternative, safe and effective treatment. However, stem cell therapy with a low-risk conditioning regimen [79] may have a role in GD and other metabolic disorders but, again, there is the challenge of affecting neurological features [80] .
The therapeutic approach that is just on the horizon is the use of induced pluripotent stem cell-derived stem cell transplantation. For GD and other lysosomal disorders, wild-type donor bone marrow transplantation has been used because monocytes from the peripheral blood can migrate across the blood-brain barrier and become CNS microglial cells that could affect metabolic cross-correction [80] . For GD, bone marrow or stem cell transplantation has not been effective for the central nervous system disease because of the lack of a secretable enzyme. Induced pluripotent stem cells are an attractive alternative for generating either hematological progenitor cells or neural progenitor cells for direct cellular and/or enhanced gene therapy [80, 81] .
Epidemiology of GD in General and in Tunisian Populations
The birth frequency of GD is approximately 1: 60,000 live births in the general population. However, genetic studies indicate a homozygote frequency of approximate-20 ly 1: 950 Ashkenazi Jews, many of whom appear to remain asymptomatic [75] . GD is rare in the Tunisian population, with an estimated frequency of 1 per 108,000 [19] . In Tunisia, where 98% of the population is Arab, a series of 27 patients was reported over an 18-year period: 20 patients with type I disease, 3 patients each with type II and type III disease, and 1 patient whose genotype was unknown [82] . Further studies have concluded that GD is not exceptional in Tunisia, reflecting the finding that the natural course of GD was clinically comparable to that described in other non-Arab patients [83] .
In order to identify the mutation spectrum causing GD in Tunisian patients, 30 patients (12 females and 18 males) from 25 unrelated families originating from various geographic locations in Tunisia were investigated. Fourteen among 25 families (56%) were consanguineous. Based on the absence of neurological involvement, all of the patients were clinically classified as GD type 1, except for 2 patients who were diagnosed as types 2 and 3 [84] .
The N370S is the most frequent mutation among Tunisian patients with GD, as is the case in European populations, with frequencies similar to Southern European countries, i.e. 55% for Spanish patients [85] and 36.5% for Italian patients [86] . The age estimation of N370S suggests that this mutation occurred first in non-Jewish and then passed into the Jewish population [87] . Consequently, it is not surprising that the N370S mutation is also relatively frequent in the southern Mediterranean due to geographical and historical reasons. This mutation was likely introduced into North Africa during the Roman Empire. It would be very interesting to analyze the haplotype of Tunisian patients carrying the N370S mutation to determine the population migratory flows. The recombinant allele RecNciI was found to be the third most frequent mutation. Its frequency in Tunisian patients is higher than in Italian patients (2.1%) [18] , and this complex allele was observed in combination with N370S in 7 patients with a nonneuronopathic form of GD. This genotype (N370S/RecNciI) is the most frequent one in nonconsanguineous families (6/11 nonconsanguineous families). The rate of consanguinity among the investigated patients (56%) is relatively low compared to other recessive diseases investigated so far in Tunisia, which could increase to up to 80% among affected families. For this reason, we think that the N370S and RecNciI alleles should be relatively frequent in the general population [87] .
On the other hand, Ben Turkia et al. [88] reported the first Tunisian experience with ERT of pediatric nonneuronopathic GD. Two children presented as severe visceral or hematological cases -one had myocardiopathy and primitive portal hypertension, and the other was diagnosed with cirrhosis related to GD. Recurrent avascular necrosis and osteoporosis have also justified treatment in another child. All 3 patients received an initial dose of 60 U/kg/2 weeks. A gradual disappearance of hepatosplenomegaly and a rapid normalization of hematological parameters were observed in 2 of the patients, whilst a resistance to treatment indicated splenectomy in the other patient. The improvement in bone mineral density was slower. A significant growth gain was observed in the patients with growth retardation and no patient developed Cerezyme antibodies. Despite its effectiveness and safety being demonstrated in these children, ERT remains inaccessible because of its cost in emerging countries. Allogeneic bone marrow is an alternative therapy to encourage and to propose precociously for severe pediatric forms of GD [88] .
The study by Ben Rhouma et al. [89] described the first report of an association between GD and PD in Tunisian adult patients with GD. In their study, 2 patients were homozygous for the N370S mutation and 1 patient developed PD at the age of 52 years. So far, this mutation has been found in 44% of pediatric Tunisian patients with GD [84] . Unlike most of the autosomal recessive genetic diseases in Tunisia, of which the majority of patients are born to consanguineous marriages and which are homozygous for deleterious alleles, the N370S mutation is encountered in a heterozygous state in combination with other mutated alleles [89] . The first report describing adult patients with GD in Tunisia was published by our laboratory [90] and included a 50-year-old patient with GD without any neurological disorder. Many adult cases with GD have been reported worldwide. Based on data from the Gaucher Registry (ICGG 2008), the N370S mutation is found in 53% of all GD patients, which represents the highest prevalence. About 14% of GD patients are diagnosed between the age of 31 and 50 years.
In Tunisia, like other autosomal recessive disorders, GD is rare and does not represent a major public health concern. There is a great variability in the clinical manifestation as well as in the onset and course of GD. This supports the need for a new classification and reinforces the hypothesis of the concept of a phenotypic continuum. Clinicians, especially in hematology and internal medicine, should suspect the diagnosis of GD in any adult patient suffering from abdominal and/or bone pain with an unexplained hematological disorder, especially in combination with organomegaly. 
Conclusion
GD phenotypes associated with Parkinsonian syndrome, pulmonary hypertension and cancer are uncommon events in the patient population as a whole. Therefore, the mechanism behind the relationship between GBA mutations and PD or dementia with Lewy bodies remains elusive. The identification of different genetic modifiers and the mechanisms of their effects on the phenotypes seen in GD will significantly improve our understanding of genotype-phenotype relationships both in GD and in other Mendelian disorders.
